1. Introduction
Stomach development
During the first weeks of life, calves are functionally monogastric and milk is the primary source of nutrition. Upon drinking milk, the oesophageal (reticular) groove (sulcus retículi) is activated and the milk is shunted directly past the forestomachs to the abomasum [1] . A number of factors trigger this oesophageal reflex, including sucking behaviour, warm milk, the position of the calf's head while drinking [1] and familiarity with the feeding method [2] .
For newborn and very young calves, milk in the forestomachs is usually unproblematic. The rumen, along with the reticulum and omasum,
is not yet developed and empties into the abomasum within hours [3] . For calves with ruminal development (2-3 weeks and older) [4] , large quantities of milk in the rumen may pose a problem. The lactose is converted to lactic acid and other organic acids, or the milk proteins may rot, which may lead to a change in pH, subsequently affecting the rumen microflora causing indigestion, diarrhoea and reduced growth [1] .
Milk is thought to enter the rumen in one of two ways. The first is through insufficient closure of the oesophageal groove [5] . The second results from overfeeding fluids beyond the capacity of the abomasum, causing backflow into the reticulorumen [5] [6] [7] . While the scientific origin remains unclear, it is widely believed that the capacity of the abomasum is about 2 l, and that milk meal sizes beyond this volume will cause milk to enter the rumen. In a study from 2012, Flor et al. also calculated the abomasal volume to be less than 2 l based on computed tomography (CT) scans [8] . They did not, however, report the size of the offered milk meal or actual intake by the calf.
Milk feeding in dairy calves
Traditionally, dairy calf milk feeding systems have been based on daily feeding rates of 8-10% of body weight (BW) [9] . This feeding regime is highly restrictive compared to ad libitum feeding. Research has shown that calves allowed ad libitum access to milk from artificial teats drink 8-10 l [10] . Calves allowed to suckle drink up to 12-15 l of milk per day at 2-4 weeks of age [11, 12] (Grøndahl, unpublished). Khan et al. [13] recommend to feed dairy calves the equivalent of 20% of BW per day based on a comprehensive literature review. This recommendation is more in line with the natural milk intake level of dairy calves. The Norwegian milk feeding recommendations were also recently increased from 6 to 8 l per day [14] .
Until 3-4 weeks of age, restrictive milk feeding can result in the calves being unable to meet their daily energy requirements [15] , leading to chronic hunger [16] . One way of feeding the calf more milk is to introduce an additional meal. This increases the workload for farmers without automated milk feeders and is therefore often undesirable. Another way is to increase the meal size. Fear of exceeding the abomasal capacity causing milk to enter the rumen, however, is a major reason to limit the meal size.
Aim
We aimed to use radiography to examine the effect of voluntary intake of large milk meals on digestive physiology and determine how much milk a dairy calf can drink from a teat bottle in one meal before the abomasal capacity is exceeded and milk enters the rumen. We also wanted to use behavioural observations to detect any abdominal pain or discomfort resulting from large milk meals.
Material and methods

The experimental animals
Seven Norwegian Red calves (four heifers and three bulls) born four days apart were borrowed from a dairy farm south of Oslo, Norway. One of the heifer calves became ill before the test period and was therefore excluded. The animals were 19-23 days of age at the beginning of the experiment. All experimental animals were weighed upon arrival (day 0) and before each test session. The calves weighed between 39.5 and 48.5 kg at arrival. The calves were housed in a group pen (4 by 4 m) at the Norwegian University of Life Sciences in Oslo. The calves were fed according to the recommended Norwegian feeding regime at the time and received 2 l of warm whole milk three times per day at 8 am, 1 pm and 6 pm. The animals had free access to water, hay and concentrates.
All experimental procedures were in accordance with the regulations controlling experiments/procedures on live animals in Norway, and the study complies with the policies relating to animal ethics. Due to the nature of the experiments, permission from the Norwegian Animal Research Authority was not required. All calves were returned to their owner after the experiment.
The test procedure
The study was performed as an open, non-randomized trial with a within patient 3-level RSP design [17] . On test days 3, 5 and 7 (days after arrival to the test facility), the calves' morning meal was replaced by milk containing the barium sulphate contrast (BaSO 4 ) (Bracco, MIXOBAR® COLON (1 g/ml)) at a ratio of 6:1. The small aperture teat used allowed drinking at approximately 1.5 l/min. To standardize the rate of intake, the same rubber teat was used for all test sequences and all calves. Abdominal radiographs of the standing calves were taken before, during and immediately after administration of the barium sulphate contrast (Table 1) .
Lateral-lateral abdominal computed radiography (Kodak DirectView CR 850) with a focus film distance (FFD) of 140 cm using a grid (potter bucky) on standing calves was performed. Exposure factors were 90 kV and 32 mA-s.
A pilot study was performed in one calf (different from the experimental animals) to assure that milk in the rumen could be distinguished from milk in the abomasum, as shown by Lateur-Rowet and Breukink [3] in calves and Phillipson [18] in lambs. One hundred millilitres barium sulphate was administered to the rumen through an oesophageal tube (Fig. 1A) . Immediately thereafter, the calf was allowed free intake of warm whole milk mixed with the contrast through a small aperture teat, as with the experimental calves. The abomasum and rumen could easily be discerned on radiographs after intake of 4 l of milk (Fig. 1B) . On each of the three test days, continuous live behavioural observations were carried out in each calf during 2 h starting immediately after the test meal, to reveal signs of abdominal pain or discomfort according to a predefined ethogram ( Table 2 ). The ethogram was based on Bourne [19] . All behavioural observations were carried out by the same observer (1st author, ethologist and researcher with experience from behavioural observations and pain assessment in animals). For practical reasons, the observer could not be blinded to the performance of the calves during trials.
Diarrhoea (defined as abnormal frequency and fluidity of faecal evacuations) was recorded for each calf individually.
The RSP design consisted of three dose levels, in which all the calves were started on the same dose at the first design level, but thereafter participated in the study based only on own obtained results. The grades of negative reactions (milk detected in the rumen or failure to ingest the offered amount) determine the dose for the subsequent levels. All calves were given 4.0 l at the first RSP level, and the meal size was subsequently changed individually based on the obtained results, i.e. milk detected in the rumen or failure to ingest the amount offered. The minimum and maximum meal size were set to be 1.0 and 7.0 l, respectively.
Results
All calves drank volumes far exceeding their normal meal size. Milk in the rumen was not detected, regardless of intake. Four of the six calves drank more than 5 l in one meal, while two of them drank more than 6 l when the highest amounts were offered (Table 3) . Mean intake from the teat bottle in one meal was 3.8 (8.1% of BW), 4.9 (10.2% of BW) and 5.4 (10.8% of BW) litres of milk on Level 1, 2 and 3, respectively. The highest voluntary intake recorded in the study was 6.8 l (13.2% of BW).
On Level 1, five of the six calves drank all of the 4 l they were offered. One calf drank only 2.6 l (65% of the amount offered). This particular calf had a coughing spell during the meal and thereafter lost interest. Fig. 2A (radiograph of the cranial abdomen of a standing calf) shows the abomasum before intake of the contrast milk, while Fig. 2B-D shows the gradual abomasal extension after ingestion of 2, 4 and 6 l of contrast milk, respectively.
With regards to the behavioural indicators of abdominal pain or discomfort, a low frequency of licking at the abdomen (performed by two calves) and lying down/getting up (performed by all calves) were observed. The highest number of lying down/getting up behaviours performed by one calf was 5 times within one observation period. No diarrhoea was observed in any of the experimental animals. Table 4 shows the accumulated observations for all six calves per level. The numbers in brackets show the number of animals that carried out the behaviour.
Discussion
The abomasum has large ability for distension. Voluntary intake of up to 6.8 l of warm whole milk in 3 weeks old calves did not cause milk to enter the rumen and no behaviour indicating abdominal pain or discomfort was observed.
Methodological issues
The RSP method was chosen because it effectively narrows down the dose window to pinpoint an exact dosage [17, 20] . The method permits the dose level to be adjusted based on the amount of milk in the rumen, Fig. 1 . Lateral cranial abdominal radiography of the 15 days old pilot calf (head oriented to the right) after administration of 100 ml of barium sulphate contrast using an oesophageal tube (A) and after consuming 4 l of contrast milk (BaSO 4 ) (B). Note that the rumen (white arrow) and reticulum (black arrow) can be differentiated from the abomasum. Some barium sulphate contrast has passed to the small intestine. allowing us to determine the volume at which the abomasal capacity would be exceeded. Between-and within-patient RSP designs are generally analysed with isotonic regression analysis [17, 20] . However, no meal size in the current study turned out to cause milk to enter the rumen. This means that there were no quantiles to estimate and hence isotonic regression could not be applied to determine an optimal dose level based on abomasal capacity. Milk is easily digestible and abomasal emptying in young calves normally starts within a few minutes [21] . Radiographs were taken during and immediately after the milk intake when backflow is most likely to occur. Ruminal emptying can take up to 48 h [3] . To avoid confusion from barium sulphate potentially remaining in the forestomachs, test sessions were performed with 48 h intervals.
Teat feeding, and the use of a small aperture teat, are widely recommended in the literature [22] [23] [24] [25] , and was also the method of choice in this experiment. Compared to non-sucking methods, teat feeding has advantages like stimulating the oesophageal reflex, and causing fewer sequential openings and closings of the oesophageal groove [26] .
Optimal milk feeding
Voluntary intake as high as 5-6 l of milk in one meal did not cause milk to enter the rumen. This does not mean that we can recommend feeding milk meals of that size to dairy calves on a daily basis. The test meals were offered as single meals on three separate occasions, and we did not test how much the calves would have drunk if offered this amount three times a day. Neither were the long-term effects of large meals investigated. However, it has been found elsewhere that feeding milk ad libitum [9] or in large quantities [27] results in higher growth rates without compromising health or reducing solid feed intake after weaning. For instance, in a study by de Passillé et al. [12] , calves were allowed to suckle twice daily. The amount drunk by the calves increased from 6.5 kg per day in week 1 to 12.5 kg per day in week 9, indicating large milk meals without adverse effects. Also, in the study by Appleby et al. [10] , the average size of the calves' first milk meal of the day was 4.7 l (range 1.7-8.0 l) with favourable outcomes. Our results support these findings by showing that the abomasum has a large ability for distension and that voluntary intake does not cause milk to enter the rumen. Based on this study, it could be argued that calves can be fed one single, large meal per day rather than several smaller ones. This was not tested, but is probably not recommendable. Large, infrequent meals have been found to have negative effects on calf metabolism and decrease insulin sensitivity [28] . There are also several studies reporting positive effects on weight gain and calf health and welfare as a result of an increased number of milk meals [29] [30] [31] .
High milk intake and pain behaviour
Behavioural observations were included to detect signs of abdominal pain or discomfort resulting from the large milk meal. Despite the fact that the calves on several occasions drank milk amounts exceeding 10% of BW, no behaviour indicating abdominal pain or discomfort was observed. Some calves were observed licking at their abdomen. The behaviour was carried out as part of the grooming and was not directed exclusively at the abdomen. Most calves would lie down and get up again during the 2-hour observation periods, but not in a rapid sequence as seen in colic behaviour [19] . On several occasions, the calves rised to eat hay, drink water or as a response to an external stimuli like people looking into the pen. The lack of behaviours indicating pain implies that although high amounts of milk were ingested, the calves are able to control intake in such a way that pain is avoided.
No diarrhoea was observed in any of the experimental animals. However, as barium sulphate is an antidiarrhoeal agent, the contrast could have hidden any laxative effects of increased amounts of milk, thus making it hard to draw conclusions from the current study.
In the current study all calves were given warm whole milk through a small aperture teat in a standardized way. Hence potentially influential factors related to milk type or feeding technique were not investigated. For instance, it is currently unknown whether feeding large volumes of milk replacer would yield the same results. Teat feeding, and the use of a small aperture teat, is widely recommended in the literature. Future studies should therefore be aimed at testing if larger volumes of milk can be problematic if administered e.g. through a teat with a larger opening or straight from an open bucket.
Conclusion
No optimal milk meal size could be determined based on the results of the current study. Nevertheless, voluntary meals of 3.5 to 6.8 l of warm whole milk given by a small aperture teat did not cause milk to enter the rumen, and behaviour indicating abdominal pain or discomfort was not observed regardless of intake. These results support other studies indicating that dairy calves can be fed milk meals beyond the traditionally recommended portion size without the risk of adverse effects.
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